Some point mutations in acetolactate synthase (ALS) confer resistance to ALSinhibiting herbicides in weeds. To clarify the evolution of the herbicide resistance of Monochoria vaginalis, a weed in rice fields in Japan, the nucleotide sequences of four genes encoding ALS were surveyed in five sulfonylurea-resistant (SU-R) and five sulfonylurea-susceptible (SU-S) biotypes. In the ALS1 gene, two SU-R biotypes showed nucleotide substitutions changing Pro 197 to Ser and Leu, respectively. In a different gene, ALS3, three other SU-R biotypes showed either of the two nonsynonymous nucleotide substitutions seen in ALS1. Only two biotypes geographically located distantly from each other shared the same mutation conferring SU resistance in the same gene. These patterns of nucleotide substitutions indicate that the SU-R phenotype was acquired independently by different biotypes. Nucleotide diversity values of the genes showing SU-R mutations were higher than those of ALS2 lacking any SU-R mutation and of a putative pseudogene, ALS4. This result suggests that the maintenance of nucleotide variability within target genes provides an opportunity for the evolution of SU-R phenotypes by herbicide-driven selection for mutations conferring resistance.
INTRODUCTION
Acetolactate synthase (ALS, E. C. 4. 1. 3. 18) catalyzes the first step in the biosynthesis of branched-chain amino acids (Val, Leu, and Ile) in plants, fungi, and bacteria. ALS-inhibiting herbicides have been widely used for weed management because of their advantages, e.g., efficacy at low rates (grams per hectare) against various weed species and low mammalian toxicities (Saari et al., 1994) . The extensive and continuous application of ALS inhibitors such as sulfonylureas (SU) and imidazolinones, however, has led to the prevalence of resistant weed biotypes. Since their introduction to crop fields in the 1980s, many weed biotypes have been reported to be resistant to SU herbicides (reviewed by Tranel and Wright, 2002) . The resistance to ALS-inhibiting herbicides is acquired by point mutations at the herbicide-binding sites of the ALS enzyme. In plants, alteration of any of six conserved amino acids (Ala 122 , Pro 197 , Ala 205 , Asp 376 , Trp 574 , or Ser 653 : numbered based on the ALS precursor in Arabidopsis thaliana) is known to confer ALS inhibitor resistance (Tranel and Wright, 2002; Whaley et al., 2007) . In the crystal structure of the complex of yeast acetohydroxyacid synthase (AHAS, a synonym for ALS) and the inhibitor chlorimuron ethyl (a type of SU), the 13 amino acids responsible for resistance to the ALS inhibitor are located near the catalytic site on the dimer interface of the enzyme and form hydrophobic contacts or hydrogen bonds with chlorimuron ethyl . However, these 13 amino acids do not interact with pyruvate, the substrate of ALS (Pang et al., 2002) . These data indicate that these amino acids do not play an important role in catalysis; this is consistent with other observations, such as that the mutations conferring resistance to ALS inhibitors do not affect enzymatic properties (Lee et al., 1999; Duggleby et al., 2003) and that the acquisition of ALS inhibitor resistance does not decrease the fitness of an individual (Thompson et al., 1994a; Thompson et al., 1994b; Christoffoleti et al., 1997; Sibony and Rubin, 2003a) . Because of the lack of a fitness deficiency in ALS inhibitor-resistant biotypes under herbicide-free conditions, it is very difficult to completely eliminate the resistant biotypes from agricultural fields.
In Japan, SU agents are widely used to control weeds in rice paddies. As a result, biotypes resistant to SUs (SU-R) have emerged in a dozen weed plants. Of these species, Uchino and Watanabe (2002) investigated the nucleotide sequences of the genes encoding ALS (ALS genes) from seven SU-R biotypes of Lindernia species (Scrophulariaceae). They isolated two ALS genes, ALS1 and ALS2, and found three different types of nucleotide substitutions at the Pro 197 codon of the ALS1 gene.
Multiple occurrences of SU-R biotypes have also been reported for Monochoria vaginalis (Pontederiaceae). Monochoria vaginalis is one of the most common annual weeds in rice paddy fields in Japan. It is self-fertile and produces up to 10,000 seeds per individual by autogamous selfing (Sugihara et al., unpublished) . A high prevalence of SU-R biotypes of M. vaginalis would have a severely negative impact on rice production. Two different processes could be responsible for the multiple emergences of SU-R biotypes at geographically distinct locations. One is the dispersal of a resistant allele of the ALS gene from an original population to other localities, and the other is independent evolutionary events producing the resistant phenotype in different populations. The relative contributions of these two processes to multiple occurrences of SU-R biotypes can be inferred from comparative analysis of the nucleotide sequences of the ALS genes. Molecular biological investigation of the SU-R biotype of M. vaginalis was performed by Wang et al. (2004) . They determined the nucleotide sequences of a region of the ALS gene of two individuals, one resistant and the other susceptible to SU (SU-S), and found a mutation that changed Pro 197 to Ser in the SU-R biotype. In the present study, we extended the survey of nucleotide sequences to the entire mature protein-coding regions of multiple ALS genes in order to find nucleotide substitutions that confer resistance to SU.
MATERIALS AND METHODS
Sampling of plant materials and total DNA preparation SU-resistant and -susceptible biotypes of M. vaginalis used in the present study are shown in Table 1 . Seeds were collected from parent plants growing in paddy fields or from seed banks in the soil of the fields. Sampled seeds were sown on wet soil in 300 mm × 400 mm containers. Bensulfuronmethyl was applied just after seeding at a concentration of 0.51g a. i. /a to the soil of the SU-R biotypes to confirm resistance. To test resistance to SU, individuals with five leaves were soaked in solution containing 150 ppb of bensulfuronmethyl for 15 days at 25°C and 12-hr daily photoperiod, and elongation of new roots was checked as the indicator of resistance (Hamamura et al., 2003) . A single individual was randomly chosen from each biotype for the following molecular biological procedures. Total DNA was isolated from young leaves by the modified CTAB method (Mukai and Yamamoto, 1997) .
PCR amplification and sequencing of the ALS genes For PCR amplification of the partial regions of the ALS genes of M. vaginalis, a pair of primers specific to the ALS gene of M. vaginalis (ALS416fw -ALS1221rv; according to Wang et al., 2004) was used. In addition, two pairs of primers (ALSAfw2 -ALSArv1 and ALS Q291fw -ALSBrv1) were designed based on the ALS gene sequences of Arabidopsis thaliana (GenBank accession number NM_114714), Zea mays (X63553), and Oryza sativa (AY885675). Nucleotide sequences of primers and annealing temperatures (T a ) used in the present study are shown in Table 2 . PCR amplification was performed in a total volume of 50 μL containing 2.5 units (U) of EX Taq DNA polymerase (TaKaRa, Japan), reaction buffer, 200 μM dNTPs, 500 nM primers, and 30 ng of total DNA of Ushiku biotype. The PCR conditions were as follows: denaturing at 94°C for 3 min, 30 cycles of 94°C for 20 sec, T a for 20 sec, and 72°C for 3 min, and a final extension at 72°C for 5 min. Successfully amplified PCR fragments were cloned into pGEM-T Easy plasmid vector (Promega, WI). After the transformation of E. coli (strain DH5α, TOYOBO, Japan), the plasmids were extracted using a Qiaprep Mini kit (QIAGEN, Germany) and sequenced using a CEQ 8800 Genetic Analysis System (Beckman Coulter, CA). To obtain the sequence information of the entire mature protein-encoding region of the ALS genes, inverse-PCR (i-PCR) or TAIL-PCR was performed using primers specific to four distinct sequences obtained (these sequences represent four distinct ALS genes; see Results). I-PCR was performed for ALS1 and ALS2, Thermal conditions for the first and second i-PCR were as follows: denaturing at 94°C for 3 min, 30 cycles of 94°C for 20 sec, T a for 20 sec, and 72°C for 3 min, and a final extension at 72°C for 5 min. Three rounds of TAIL-PCR were performed with the following nested primers: ALS3 678rv, ALS3 549rv, and ALS3 510rv for the 5' region of ALS3; ALS4 695rv, ALS4 495rv, and ALS4 382rv for the 5' region of ALS4; and ALS3 800fw, ALS3 865fw, and ALS3 975fw for the 3' region of ALS3. First and second rounds of amplification were performed in a total volume of 15 μL containing 1 U of EX Taq DNA polymerase, reaction buffer, 200 μM dNTPs, 300 nM specific primer, 3.5 μM random primer (NGA2 for 5' region of ALS3 and ALS4 and NGA6 for 3' region of ALS3) and 20 ng of total DNA of Ushiku biotype (first round) or 1/50 dilution of the first round PCR aliquot (second round). The thermal conditions for first and second rounds of TAIL-PCR were as follows: denaturing at 94°C for 3 min, 15 supercycles comprised of two cycles of 94°C for 30 sec, 68°C for 1 min, and 72°C for 3 min, and one cycle of 94°C for 30 sec, 44°C for 1 min, and 72°C for 3 min, and a final extension at 72°C for 5 min. The third round was performed in a total volume of 50 μL containing 2 U of EX Taq DNA polymerase, reaction buffer, 200 μM dNTPs, 300 nM specific primer, 3.5 μM random primer, and 3 μL of 1/50 dilution of second PCR aliquot. The thermal conditions of the third round were as follows: denaturing at 94°C for 3 min, 22 cycles of 94°C for 15 sec, 44°C for 1 min, and 72°C for 3 min, and a final extension at 72°C for 5 min. Products of i-PCR and TAIL-PCR were cloned into pGEM-T Easy and sequenced. For determination of the 3' portion of the ALS4 gene, PCR with a pair of primers: ALS4 5'fw1, specific to ALS4, and ALSendrv, which anneals to the 3' end conserved among ALS1, ALS2, and ALS3, was performed in a total volume of 50 μL containing 2.5 units (U) of EX Taq DNA polymerase, reaction buffer, 200 μM dNTPs, 500 nM primers, and 30 ng of total DNA of Ushiku biotype. The thermal conditions were as follows: denaturing at 94°C for 3 min, 30 cycles of 94°C for 20 sec, 56°C for 20 sec, and 72°C for 3 min, and a final extension at 72°C for 5 min. The nucleotide sequence of the 5' portion of the cloned fragment was identical to that of the i-PCR fragment of ALS4, and the rest of sequence was different from those of the other three ALS genes. Based on the sequences obtained for the Ushiku biotype, primers were designed in the flanking regions or region for the chloroplast transit peptide except for ALSendrv for ALS3 and ALS4, which anneals to the border of the coding region and flanking region at the 3' end because of the limited information for the 3' flanking region for these genes. Using these primers, four distinct ALS genes of 10 biotypes were amplified using Pyrobest DNA polymerase (TaKaRa, Japan), an α type DNA polymerase derived from Pyrococcus sp. that minimizes artifacts during PCR.
PCR was performed in a total volume of 50 μL containing 1 U of Pyrobest DNA polymerase, reaction buffer, 200 μM dNTPs, 500 nM primers, and 20 ng of total DNA. The thermal conditions for PCR were as follows: denaturing at 94°C for 3 min, and 28 cycles of 94°C for 15 sec, T a for 15 sec, and 72°C for 3 min without a final extension. For simplicity in the TA cloning of the amplified fragment, adenine was attached to the 3' ends of the PCR fragments by incubating at 70°C for 30 min in a total volume of 60 μL containing 10 U of EX Taq DNA polymerase, reaction buffer, and 2 mM dATP. After adenine attachment and following ethanol precipitation, the PCR fragment was cloned as described above. For each gene, a single clone was isolated from each individual and sequenced. Nucleotide sequences were deposited in the DDBJ/EMBL /GenBank database under accession numbers AB243606 -AB243639.
Southern blot analysis Seven micrograms of total DNA extracted from an individual of Seika biotype was digested with either EcoRI or EcoRV. DNA was fractionated on a 0.8% agarose gel containing 0.5X TBE buffer by RT-PCR of ALS genes Total RNA was extracted by the method of Mukai and Yamamoto (1997) from 500 mg of leaf of an individual of Seika. About 800 ng of total RNA was reverse-transcribed using SuperScript II RT (Invitrogen, CA) with a final volume of 20 μL. PCR amplification of ALS genes was performed in a total volume of 20 μL containing 1 U of EX Taq DNA polymerase, reaction buffer, 200 μM dNTPs, 500 nM primers and 2 μL of cDNA product. Primers for each gene are shown in Table 2 . The thermal conditions were as follows: denaturing at 94°C for 3 min, 30 cycles of 94°C for 20 sec, 56°C for 20 sec, and 72°C for 3 min, and a final extension at 72°C for 5 min. To confirm the absence of carryover of genomic DNA, PCR was performed with primers ALS 5'fw, which anneals to a region 540 bp upstream of the initiation codon, and ALSA354fw.
Data analyses Nucleotide sequences were aligned using ProSeq 2.91 (Filatov, 2002) . Nucleotide diversity within a gene and the numbers of synonymous (K s ) and nonsynonymous (K a ) nucleotide substitutions per site between genes were calculated using DnaSP 4.0 (Rozas et al., 2003) . Phylogenetic relationships among nucleotide sequences were analyzed by the parsimony method using PAUP* 4 (Swofford, 2002) . The sequence of Arabidopsis thaliana (GenBank accession number NM_114714) was included in the phylogenetic analysis as an outgroup.
RESULTS

Characterization of ALS genes of M. vaginalis
In the present study, four distinct nucleotide sequences were isolated from each of the all individuals investigated. Because M. vaginalis is a selfing species, it is unlikely that all of the 10 individuals showed segregation of highly differentiated multiple alleles at a single locus. These sequences are thus thought to represent different genes and were named ALS1, ALS2, ALS3, and ALS4. The structure of genes was estimated based on the comparison of their nucleotide sequences with that of Arabidopsis thaliana (NM_114714), in which 291 bp of the 5' region and 1722 bp of the 3' region correspond to the plastid transit peptide and mature protein, respectively (according to protein information in NCBI database accession number P17597). For the ALS1 and ALS2 genes, nucleotide sequences of the region encoding the mature enzyme (1722 bp) were obtained. The nucleotide sequences of the ALS3 and ALS4 genes covered most of the region of the mature protein, but 18 nucleotides of the 3' end were missing because the PCR primer was designed on the border of the coding region and the 3' noncoding region. In addition, the nucleotide sequences included the entire (207 bp: ALS1 and ALS4) or partial (93 bp for ALS2 and 138 bp for ALS3) region for the plastid transit peptide. In the ALS4 sequence, a single base insertion of T was seen at position 929. This insertion resulted in a frameshift and the occurrence of a stop codon at nucleotide positions 1003 to 1005 (corresponding to the Ser 335 codon for other genes). The nucleotide sequences of the four genes (Kluge and Farris, 1969) and retention index (Farris, 1989) could not be directly compared with those determined by Wang et al. (2004) because the latter showed only the information regarding the 39 nucleotides around the Pro 197 mutation that confers SU resistance. However, they showed the deduced amino acid sequence from Pro 141 to His 408 , and so a comparison was made at the amino acid sequence level. The results showed that the ALS3 gene in the present study showed complete homology with those of Wang et al. (2004) , except at amino acid position 197. For ALS1, ALS2, and ALS4 (excluding an insertion) genes, the deduced amino acid sequences differed from that of Wang et al. (2004) at two, three, and 14 positions, respectively. The number of ALS genes in the genome of M. vaginalis was inferred from Southern blot analysis. When total DNA was digested with either EcoRI or EcoRV, six distinct bands were detected using a partial sequence of ALS3 as a probe (Fig. 1) .
To confirm the transcription activity of the four genes found, RT-PCR was performed using total RNA extracted from leaves. Using primers specific to each of the four genes, a single fragment of the expected size (726 bp, 314 bp, 1044 bp, and 701 bp for ALS1, ALS2, ALS3, and ALS4, respectively) was amplified (Fig. 2, lanes 1-4) . PCR involving a primer from the 5' noncoding region of the ALS1 gene resulted in no amplification (Fig. 2, lane  5) .
Nucleotide substitutions conferring SU resistance
Each of the SU-R biotypes showed a single nucleotide substitution changing Pro 197 to another amino acid in either ALS1 or ALS3. Nucleotides at amino acid position 197 and the corresponding amino acids are shown in Table  3 . The Zennoji and Kasai biotypes showed nucleotide substitutions in ALS1. In the Zennoji biotype, Pro 197 was changed to Ser 197 , whereas a change to Leu 197 was inferred for the Kasai biotype. The Aizubange, Ushiku, and Kamitsuneyoshi biotypes showed nucleotide substitutions at the same position as those of Zennoji or Kasai, but in another gene, ALS3. The Aizubange biotype showed a Pro 197 to Leu 197 change. The Ushiku and Kamitsuneyoshi biotypes, which were geographically located distantly from each other (about 450 km apart), showed the same nucleotide substitution responsible for a change from Pro 197 to Ser 197 .
Including mutations in the Pro 197 codon, a total of two, three, eight, and one nonsynonymous substitutions were found in ALS1, ALS2, ALS3, and ALS4, respectively. These substitutions did not correspond to any of the changes of conserved amino acids other than Pro 197 (Ala 122 , Ala 205 , Asp 376 , Trp 574 , and Ser 653 ) that might cause resistance to ALS-inhibitors.
Nucleotide diversity of ALS genes The nucleotide diversity values within each of the four ALS genes are shown in Table 4 . Five, three, thirteen, and one nucleotide substitutions were found in ALS1, ALS2, ALS3, and ALS4, respectively. The nucleotide diversity values for all sites in the mature protein-encoding region of ALS1, ALS2, ALS3, and ALS4 genes were 0.0011, 0.0005, 0.0024, and 0.0003, respectively. Those for synonymous sites of ALS1, ALS2, ALS3, and ALS4 were 0.0026, 0.0000, 0.0046, and 0.0000, respectively.
Divergence among ALS genes Parsimony analysis of the nucleotide sequences (1722 bp) resulted in a single most parsimonious tree with a tree length of 795. Phylogenetic relationships among the genes are shown in Fig.  3 . In the phylogenetic tree, ALS1 and ALS3 formed a monophyletic group. The ALS1-ALS3 clade was sister to ALS4, and ALS2 occupied a basal position in the gene family. The phylogenetic position of ALS4 and ALS2 is, however, ambiguous with relatively weak bootstrap support of 61% for the monophyly of the ALS1-ALS3-ALS4 clade. To assess the functional differentiation among putatively active genes, the nucleotide divergence between clades was estimated. The numbers of synonymous and nonsynonymous substitutions per nucleotide site, K s and K a , between ALS1 and ALS3 were 0.084 and 0.009, respectively. Those between ALS2 and the ALS1-ALS3 clade were 0.392 and 0.028, respectively.
DISCUSSION
Multiple origins of the SU-R phenotype inferred from different point mutations In the present study, four distinct sequences putatively encoding acetolactate synthase were isolated with the aid of inverse PCR and TAIL-PCR techniques. Genomic Southern blot analysis suggested that approximately six copies of ALS gene homologues exist in the genome of M. vaginalis. Of these copies, four were characterized and surveyed for nucleotide sequence variability. Three of these copies, ALS1, ALS2, and ALS3, showed no mutation leading to a frameshift or the creation of a stop codon. On the other hand, ALS4 exhibited an insertion of a single base (T) resulting in a frameshift and the occurrence of a stop codon downstream. Amplification of fragments of the expected sizes by RT-PCR using total RNA isolated from leaves indicated that all of these copies possess transcription activity. Based on these results, ALS1, ALS2, and ALS3 are thought to be active ALS genes, whereas ALS4 is a pseudogene retaining transcription activity. By surveying the nucleotide variability of these four genes among SU-R and SU-S biotypes, mutations conferring SU resistance were successfully found for all of the five SU-R biotypes investigated. In the present study, five SU-R biotypes showed point mutations in the codon for Pro 197 in either ALS1 or ALS3, whereas this codon was conserved among five SU-S biotypes. Pro 197 is highly conserved among various organisms, including bacteria, fungi, and plants (e.g., Yadav et al., 1986; Tranel and Wright, 2002; Pang et al., 2004) . Change of Pro 197 to other amino acids has been reported to confer SU resistance for M. vaginalis (Wang et al., 2004) and other plants such as Nicotiana tabacum (Lee et al., 1988) , Arabidopsis thaliana (Haughn et al., 1988) , Kochia scoparia (Guttieri et al., 1995) , Lindernia species (Uchino and Watanabe, 2002) , Amaranthus blitoides (Sibony and Rubin, 2003b) , and Helianthus annuus (Kolkman et al., 2004) . At the codons for Asp 376 and Trp 574 , other amino acids related to SU resistance (Tranel and Wright, 2002; Whaley et al., 2007) , no mutation was found in any of the SU-R or SU-S biotypes. Mutations in the Pro 197 codon found in SU-R biotypes are thus considered to be responsible for the resistant phenotypes. Five SU-R biotypes showed four distinct mutations; two in ALS1 and two in ALS3. This result indicates that the SU-R phenotypes in M. vaginalis have at least four independent origins. In contrast, there was no evidence that gene dispersal contributed to the formation of the current wide-range distribution of the SU-R biotypes of M. vaginalis in Japan. Only the Ushiku and Kamitsuneyoshi biotypes shared the same SU-R mutation in ALS3. Whether their SU resistance had a common origin could not be confirmed based solely on the present data. Because these two biotypes were located approximately 450 km apart, it is unlikely that the resistant phenotype was dispersed directly between these two locations. Assessment of the genetic divergence among these and other geographically intermediate populations with genome-wide neutral markers would enable examination of whether gene flow occurs at the level allowing gene dispersal between such distantly located populations within a relatively short time period, at most several to a dozen generations.
Multiple occurrences of biotypes resistant to ALS inhibitors within a single species have been reported for other weed species using comparative nucleotide sequence analyses. Guttieri et al. (1995) found six different mutations on the codon for Pro 197 of seven chlorosulfuron-resistant biotypes of Kochia scoparia in North America. Uchino and Watanabe (2002) surveyed the nucleotide sequences of two ALS genes of SU-R biotypes of four Lindernia taxa in northern Japan. Within each of two species, L. micrantha and L. procumbens, two different mutations that conferred SU resistance were detected in the codon for Pro 197 . These data indicate that multiple independent events resulting in the evolution of the SU-R biotypes could occur frequently in different weed species under the intensive and continuous application of SU herbicides.
Nucleotide diversity of the ALS genes The nucleotide variability within each of the ALS genes was low: one to 13 polymorphic sites were detected in the 1.7 kb coding region. Out of four genes investigated, ALS4 showed the lowest nucleotide variability (only one polymorphic site), with a nucleotide diversity value of 0.0003 for total sites. ALS2 also showed a low level of nucleotide variability with a diversity value of 0.0005. On the other hand, the other two genes showed two-to eight-fold higher values for total sites: 0.0011 and 0.0024 for ALS1 and ALS3, respectively. For synonymous sites, ALS1 and ALS3 showed higher diversity values of 0.0026 and 0.0046 whereas the values for ALS2 and ALS4 were zero because of the lack of synonymous substitutions. The contrast in the levels of genetic diversity among the genes seemed to be related to the likelihood of the mutations conferring SU resistance. Two different SU-R genotypes were present within ALS1 and ALS3, while ALS2 sequences showed no nucleotide substitutions related to SU resistance. A similar relationship between nucleotide variability and the frequency of ALS inhibitor-resistant mutations has been shown in cultivated sunflowers, Helianthus annuus (Kolkman et al., 2004) . The present data suggest that the existence of some level of genetic variability within the herbicide-targeted genes provides an opportunity for the evolution and domination of resistant phenotypes by herbicide-driven selection.
A variety of mechanisms could be considered as the cause of the difference in the nucleotide variability among genes: heterogeneity in mutation rates, differential modes of natural selection, differences in functional constraints, etc. ALS2 differentiated from the other genes at the base of the gene genealogy, and the nucleotide divergence between ALS2 and the ALS1-ALS3 clade was three to four-fold higher than that between ALS1 and ALS3. The numbers of synonymous and nonsynonymous substitutions per site, K s and K a , between ALS1 and ALS3 were 0.084 and 0.009, respectively. Those between ALS2 and the ALS1-ALS3 clade were 0.392 and 0.028. These results suggest a possible functional differentiation between ALS2 and the other genes, although the K a /K s ratio for divergence between ALS2 and the ALS1-ALS3 clade was considerably low, 0.070. To clarify the relative importance of these mechanisms in the formation of heterogeneous patterns of nucleotide variability among genes, information on spontaneous mutation rates, enzymatic properties, and the expression patterns of genes should be accumulated.
The ALS4 gene contained a single base insertion in the coding region that caused a frameshift and the occurrence of a stop codon. This result strongly suggests that this gene is a pseudogene. Because pseudogenes are free from functional constraints, nucleotide substitutions might accumulate in the gene region and the level of diversity within the gene and the divergence among genes might be elevated. The present results were not consistent with these expectations. The nucleotide diversity of the ALS4 gene was the lowest among the four genes investigated, and the branch from the common ancestor of ALS1, ALS3, and ALS4 to the basal node of ALS4 (81) was only slightly longer than those for ALS1 (75) and ALS3 (69). These results, as well as the transcription activity in leaves, might indicate that the pseudogenization of ALS4 occurred recently.
